Epididymal protein CRISP1 is a member of the CRISP (Cysteine-RIch Secretory proteins) family and is involved in sperm-egg fusion through its interaction with complementary sites on the egg surface. Results from our laboratory have shown that this binding ability resides in a 12-amino-acid region corresponding to a highly conserved motif of the CRISP family, named Signature 2 (S2). In addition to this, our results revealed that CRISP1 could also be involved in the previous step of sperm binding to the zona pellucida, identifying a novel role for this protein in fertilization. As another approach to elucidate the participation of CRISP1 in fertilization, a mouse line containing a targeted disruption of CRISP1 was generated. Although CRISP1-defi cient mice exhibited normal fertility, CRISP1-deffi cient sperm presented a decreased level of protein tyrosine phosphorylation during capacitation, and an impaired ability to fertilize both zona-intact and zonafree eggs in vitro, confi rming the proposed roles for the protein in fertilization. Evidence obtained in our laboratory indicated that testicular CRISP2 would also be involved in sperm-egg fusion. Competition assays between CRISP1 and CRISP2, as well as the comparison of their corresponding S2 regions, suggest that both proteins bind to common complementary sites in the egg. Together, these results suggest a functional cooperation between CRISP1 and CRISP2 to ensure the success of fertilization.
INTRODUCTION
Fertilization in mammals is a complex process that requires the successful completion of a series of orchestrated steps. Although sperm released from the testis are fully differentiated cells, they are not capable of fertilizing an egg. To become competent to fertilize, sperm must undergo several physiological changes during their transit through the male and female reproductive tracts, known as epididymal maturation and capacitation (Yanagimachi, 1994) . Once in the proximity of the egg, sperm must pass through the cumulus cells that surround the egg, bind to and penetrate the zona pellucida (ZP) and, finally, fuse with the egg plasma membrane. Most of these events involving cell-tomatrix and cell-to-cell interactions are mediated by specifi c molecules present in both gametes. One of these proteins is rat epididymal protein CRISP1 (formerly known as DE) (Cameo and Blaquier, 1976) which is the fi rst identifi ed member of the highly conserved Cysteine-RIch Secretory Protein (CRISP) family. The members of this family are characterized by the presence of sixteen conserved cysteine residues, ten of which are clustered in the C-terminal domain of the molecule. Besides CRISP1, other members of the family have been identifi ed in mammals mainly expressed in the male reproductive tract: CRISP2, synthesized in developing spermatids in the testes (Hardy et al., 1988; Kasahara et al., 1989) ; CRISP3, with a wider tissue distribution than the other CRISPs including reproductive (prostate and ovary) and non-reproductive (salivary gland, pancreas, thymus and colon) organs (Haendler et al., 1993; Kjeldsen et al., 1996; Udby et al., 2005) ; and the more recently described CRISP4, expressed in the epididymis (Jalkanen et al., 2005; Nolan et al., 2006) . The present article will focus on the results obtained in our laboratory about the involvement of different members of the CRISP family in mammalian sperm-egg interaction.
CRISP1
Rat CRISP1 (rCRISP1) is synthesized in an androgendependent manner by the proximal segments of the epididymis, and associates with the sperm surface during epididymal maturation (Kohane et al., 1980a and b) . Although a substantial amount of rCRISP1 is released during capacitation, part of the protein remains on the sperm surface and migrates to the equatorial segment . In vitro experiments that showed that exposure of zona-free rat eggs to purifi ed rCRISP1 produced a signifi cant reduction in the percentage of egg penetration without affecting the fi rst step of sperm-egg binding supported the participation of this protein in an event leading to fusion . These observations also indicate the existence of complementary sites on the egg that were subsequently localized over the entire egg surface, with the exception of the area overlying the meiotic spindle , a region through which fusion rarely occurs. As described for rCRISP1, evidence supports the involvement of both the mouse and the human CRISP1 homologues in gamete fusion through their binding to complementary sites on their corresponding eggs (Cohen et al., 2000; .
Structure-function studies using bacterially-expressed recombinant CRISP1 (recCRISP1) and a series of recombinant Biol Res 44: [135] [136] [137] [138] 2011 fragments of the protein led us to circumscribe the eggbinding activity of CRISP1 to a region of 45-amino acids ( Figure 1) . Interestingly, the analysis of this region revealed it contained the two feature motifs of the CRISP family known as Signature 1 (S1) and Signature 2 (S2). In view of this, two synthetic peptides with the amino acid sequences corresponding to S1 and S2 were generated and used in IIF and gamete fusion assays. The results obtained revealed that the egg-binding ability of rCRISP1 resides in the 12 amino acid region corresponding to S2 (Figure 1 ) (Ellerman et al., 2006) . To our knowledge, these results constituted the fi rst evidence describing a functional role for the motif of the CRISP family and succeeded in delimiting the activity of a CRISP protein to such a small region.
In addition to its role in gamete fusion, experiments in which intact rat and mouse ZP-intact eggs were inseminated with capacitated sperm in the presence of either antirCRISP1 or purifi ed rCRISP1 revealed a novel role for the protein in the previous step of sperm-ZP interaction. Indirect immunofluorescence experiments revealed that rCRISP1 is capable of binding to both the ZP and the egg plasma membrane, suggesting the existence of CRISP1-binding sites on the ZP. Subsequent experiments using recCRISP1 as well as deglycosylated and heat-denatured native CRISP1 showed that this ZP-binding activity resides in the peptidic region of the molecule and depends on its conformation (Busso et al., 2007a) . Recent results indicate that hCRISP1, like its rodent homologues, is involved in sperm-ZP interaction (Maldera et al., 2009 ).
As another approach to elucidate the functional role of CRISP1 in the fertilization process, we generated a mouse line containing a targeted disruption of the Crisp1 gene. Crisp1 -/-mice were found to be fertile (Figure 2 A and B) (Da Ros et al., 2008) , a result that adds to a growing number of reports of fertile mice lacking proteins proposed to be involved in the fertilization process (Okabe and Cummins, 2007) . Based on the observation that many of these fertile "knock out" mice often exhibited other reproductive defi ciencies (Baba et al., 2002; Lu and Shur, 1997) , Crisp1 -/-males were evaluated for evidence of changes in different parameters related to reproductive function. Because it has been reported that the presence of CRISP1 during rat sperm capacitation inhibits protein tyrosine phosphorylation (Roberts et al., 2003) , we fi rst investigated whether the absence of the protein in the mutant mice produced an increase in the levels of this capacitation-dependent event. Capacitated sperm from Crisp1 -/-mice exhibited, however, clearly lower levels of tyrosine phosphorylation than controls ( Figure 2C ), suggesting that CRISP1 plays a regulatory role during mouse sperm capacitation different from that previously proposed for the rat. In spite of the lower levels of tyrosine phosphorylation, Crisp1 -/-sperm presented normal levels of either spontaneous or progesterone-induced acrosome reaction. This is the fi rst report showing a signifi cant decrease in tyrosine phosphorylation accompanied by normal levels of fertility. These results suggest that protein tyrosine phosphorylation is either not required or, required in low levels such as those observed in our study, to achieve acrosome reaction and normal fertility. Figure 1 . Identification of the egg-binding activity of rat CRISP1: Schematic diagram showing entire recombinant rat CRISP1 and the generated fragments. The numbers indicate the fi rst and last residue for each fragment. Biological activity was evaluated by both indirect immunofl uorescence (IIF) and spermegg fusion assays. "+" indicates that the protein/fragments were able to bind to the egg surface and inhibit gamete fusion, while "-" indicates that the fragments neither bound to the egg nor affected sperm-egg fusion. The amino acid sequence shown corresponds to Fragment 7 (F7), which contains Signature 1 and Signature 2 motifs shown in bold. Immunofl uorescence images show labeling only in zona-free eggs exposed to the peptide with the amino acid sequence corresponding to Signature 2. 
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In vitro fertilization assays showed that Crisp1 -/-sperm exhibited a signifi cantly reduced ability to penetrate ZP-intact eggs with no accumulation of sperm in the perivitelline space ( Figure 2D ). These results are consistent with our recent report proposing a novel role for CRISP1 in sperm-ZP interaction (Busso et al., 2007a) . In addition, and in agreement with the postulated role of CRISP1 in gamete fusion, in vitro assays using ZP-free eggs showed a significant reduction in the fusion ability of Crisp1 -/-sperm ( Figure 2D) . Moreover, when ZP-free eggs were simultaneously inseminated with Crisp1 +/+ and Crisp1 -/-sperm in a competition assay, the mutant sperm exhibited a greater reduction in their fusion ability (Da Ros et al., 2008) . Thus, the overall results of the in vitro fertilization studies indicate that sperm lacking CRISP1 present a clear disadvantage in their ability to both interact with the ZP and fuse with the egg.
The fi nding that the fusion ability of Crisp1 -/-sperm was further inhibited by the presence of CRISP1 or CRISP2 during gamete co-incubation (Da Ros et al., 2008) , supports the view that another CRISP present on sperm cooperates with CRISP1 during fertilization and might compensate for the lack of CRISP1 in the mutant mice. In this regard, results obtained in our laboratory (and described in the next section) support CRISP2 as the candidate molecule.
CRISP2
CRISP2 is normally expressed in the testis, in an androgenindependent manner, and is incorporated into the acrosome in round spermatids (Hardy et al., 1988) . In rat sperm, CRISP2 was also found as a component of the outer dense fi bers of the tail (O'Bryan et al., 1998; O'Bryan et al., 2001) , and it has recently been proposed as a regulator of calcium infl ux through ryanodine receptors during capacitation (Gibbs et al., 2006) . Other groups reported the localization of CRISP2 on the surface of spermatogenic cells and postulated that the protein could be responsible for the interaction between germ cells and Sertoli cells (Maeda et al., 1998; Maeda et al., 1999) . Results from our group showed that in human and mouse sperm, CRISP2 is an intra-acrosomal protein that remains on sperm after the acrosome reaction, opening the possibility for a role of the protein in fertilization.
The incubation of human and mouse sperm with anti-CRISP2 antibodies resulted in an inhibition in egg penetration, supporting its participation in sperm-egg interaction. Interestingly, when zona-intact mouse eggs were used, the signifi cant decrease in the percentage of fertilized eggs was accompanied by an increase in the number of perivitelline sperm per egg (Busso et al., 2007b) . These observations indicate that the effect of the antibody was at the sperm-egg membrane interaction level, supporting the specific participation of CRISP2 in gamete fusion. In agreement with this, both rodent and human eggs presented complementary sites for CRISP2 in their surface (Busso et al., 2007b, Busso unpublished observations) .
The S2 regions of CRISP1 and CRISP2 differ in only two amino acids, suggesting that both proteins might interact with the same binding sites on the egg. Indirect immunofluorescence competition studies in which zonafree mouse eggs were exposed to both CRISP1 and CRISP2 confi rmed the existence of common egg complementary sites for the two proteins (Busso et al., 2007b) . These results support both the existence of a functional cooperation between these homologue proteins, and CRISP2 as a candidate molecule to compensate the lack of CRISP1 in the "knock out" mice.
CONCLUSIONS
The results described in the present work support the involvement of epididymal CRISP1 in protein tyrosine phosphorylation ( Figure 3A) , sperm-ZP interaction ( Figure 3B ) and sperm-egg fusion ( Figure 3C ), indicating that although not essential for animal fertility, CRISP1 is a player in the fertilization process. In addition, testicular CRISP2 is also involved in sperm-egg fusion, cooperating with CRISP1 in this step of fertilization ( Figure 3D ). Altogether, these results support the idea of different functional roles for the same CRISP and the involvement of different CRISPs in the same fertilization event. Considering that sperm are transcriptionally inactive cells, it is likely that this protein functional redundancy in sperm has evolved as a mechanism to ensure the success of the fertilization process. 
